Introduction: Serum creatinine (SCr) alone does not allow for the early diagnosis of delayed graft function (DGF) following kidney transplantation (KTx).
Introduction
Delayed graft function (DGF) is a clinical diagnosis that describes kidney dysfunction immediately after kidney transplantation (KTx), usually related to ischemic damage to the graft. The rate of DGF after KTx varies from 2% to 50%, depending on the definition and the center's practice, and it is one of the most important risk factors for both acute rejection and impaired renal function at one year [1] [2] [3] . Ischemia/ reperfusion injury after organ transplantation is a major cause of DGF, which is associated with prolonged hospital stay, additional invasive procedures, supplementary costs and greater risk of early and longterm graft loss [4] . Much research effort has been devoted to the search for DGF predictors, also called markers that would allow for early determination of allograft function and of prognoses for one-year and longterm graft survival. Unfortunately, the use of baseline characteristics alone (donor and recipient age, pre-transplant dialysis time, HLA mismatches, etc.) has limited accuracy in predicting both early and late graft outcomes. Several clinical algorithms have been proposed to predict DGF based on pre-operative risk factors, but none has been used routinely in clinical practice [5] [6] [7] .
Currently, although inadequate for timely diagnosis and prognosis, serum creatinine (SCr) is an established and most commonly used clinical indicator of kidney function. Recent insights have suggested that allograft injury and recovery could be better characterized by new biomarkers. In KTx, numerous biomarkers have been evaluated over the past decade, but thus far, the evidence to support their use in routine practice has been limited [8] [9] [10] . Newly introduced biomarkers should complement and have incremental diagnostic and prognostic value over and above the current established markers. It would be ideal to discover a single marker with very high discriminatory accuracy, defined in terms of test sensitivity and specificity [11, 12] . However, for most diseases, and particularly for KTx, single markers might not reflect all of the facets of initial graft dysfunction, and they do not have adequate sensitivity or specificity for practical purposes. One approach to increasing the clinical value of biomarkers and improving their screening sensitivity is to identify additional biomarkers and to combine them because a multimarker strategy might better characterize the complexity of DGF.
We recently demonstrated, in a prospective cohort study, that urinary neutrophil gelatinase-associated lipocalin (uNGAL) [13] , serum cystatin C (CysC) and malondialdehyde (M.DA) [14] , and serum leptin [15] within the first 24 h following KTx predicted DGF better than SCr levels or changes in SCr levels. Utilizing the same cohort, our primary goal for the current study was to investigate the value of combining these new markers with the widely used SCr level in predicting DGF (defined as dialysis requirement within the first week after KTx).
Patients and methods

Study design and patient population
Consecutive patients with end-stage renal disease, who were undergoing living or deceased donor KTx in the Department of Nephrology and Kidney Transplantation of Centro Hospitalar do Porto between December 2010 and May 2011, were prospectively enrolled. Patients younger than 18 years old or who required multiorgan transplants were not included. After transplantation, recipients with primary graft failure were excluded. The Institutional Review Board of Centro Hospitalar do Porto approved this study. Each participant provided informed consent.
Sample collection and biomarker measurements
Blood and urinary samples were collected as follows: 3 to 6 h prior to transplant surgery (pre-transplant); on the following morning, approximately 8 to 12 h after graft reperfusion (day-1); and then on the second, fourth, and seventh days after transplant, for a total of five samples per patient. All samples were immediately centrifuged, aliquoted and frozen within one hour after collection. Subsequently, they were stored at −80°C until analysis, which was performed approximately one to two weeks after collection.
The candidate biomarkers were measured using the following methods. Neutrophil gelatinase-associated lipocalin was measured in urine (uNGAL) using a two-step chemiluminescent microparticle immunoassay on a standardized clinical platform (ARCHITECT, Abbott Diagnostics, Germany). Malondialdehyde was measured in plasma using a commercial high-performance liquid chromatography kit (Chromsystems, Munich, Germany). Leptin was measured in serum by ELISA, based on the direct sandwich technique using kits from Mercodia (Sweden). Cystatin C was measured in serum (CysC) by particle-enhanced nephelometric immunoassay (Siemens Diagnostics, Germany).
Definitions
Delayed graft function was defined by the need for dialysis during the first week after KTx. "Prompt" function (non-DGF) was characterized by no dialysis session being required during the first post-transplantation week.
Percentage change in SCr (ΔSCr) was calculated individually for each subject as the difference between SCr on day-1 and day-0 divided by SCr on day-0 (or difference between day-2 and day-1 divided by SCr on day-1), multiplied by 100.
Statistical analyses
The distributions of continuous variables were analyzed, and the Kolmogorov-Smirnov test was performed to assess their deviation from the normal distribution. Variables showing a positively skewed distribution, such as SCr, uNGAL, and serum leptin, were natural logarithm transformed [16] prior to parametric test analyses. Normally distributed variables are presented as the mean values and standard deviations (SDs), and variables exhibiting skewed distributions are presented as the medians and 25th-75th quartiles (IQR = interquartile range). Categorical variables are reported as percentages.
Correlations between biomarkers were assessed using Pearson's correlation coefficient, and SCr, uNGAL, and serum leptin levels were logtransformed before analysis to normalize the distribution.
Receiver-operating characteristics (ROC) curves were generated to analyze single and multiple biomarkers, and the areas under the curve (AUCs) were calculated. For joint analysis of multiple biomarkers, a fitted multiple logistic regression model (with DGF as the dependent variable) was used to yield maximum sensitivity and specificity. Pretransplant variables known to be associated with DGF and considered potential confounders were included in the models. Multicollinearity among covariates was examined through the correlations of regression coefficients. The optimal cut-off points were determined by the largest sum of sensitivity and specificity, and the positive and negative likelihood ratios were calculated as follows: sensitivity/(1-specificity) and (1-sensitivity)/specificity, respectively [17] .
Statistical analyses were performed using the SPSS software, version 22.0, and a significance level of 0.05 was considered.
Results
During the recruitment period, 42 patients were enrolled consecutively. Two recipients had primary graft failure and were excluded. Therefore, the final study cohort included 40 patients. Their demographic and transplant data are shown in Table 1 .
Eighteen (45%) patients had DGF, whereas 22 (55%) patients experienced prompt graft function. In terms of the traditional predictors of DGF, except for cold ischemia time and recipient age, no significant differences were found between the DGF and non-DGF groups regarding the baseline characteristics or induction therapy ( Table 1 ). The rate of DGF was higher in kidney grafts from deceased donors, but this difference was not statistically significant (51.7% vs. 27.3%, P = 0.286). The median levels of SCr at day-7 after KTx were higher in recipients with grafts from deceased donors compared to living donors, but this difference was not statistically significant (2.96 vs. 1.95 mg/dL, P = 0.303).
Candidate biomarkers for the detection of DGF
Detailed results regarding each biomarker were previously reported [13] [14] [15] . Briefly, levels of uNGAL, serum MDA, leptin and CysC were significantly higher in DGF patients. Longitudinal changes in the four biomarkers, according to graft function within the first week after KTx, are shown in Fig. 1 . The correlations between markers are displayed in Table 2 . All of the biomarkers were positively correlated, with the exception of leptin.
3.2. ROC analysis of day-1 SCr, uNGAL, and serum CysC, MDA, and leptin, individually and combined as early biomarkers for DGF detection Receiver operating characteristic curves were generated, and AUCs were calculated to estimate the diagnostic accuracy of each marker for DGF. Based on the logistic models, the predicted values of the combined predictors were calculated and analyzed using ROC curves. The performance of day-1 SCr alone and in association with each of the new markers (uNGAL, serum CysC, MDA, and leptin) in diagnosing DGF is illustrated in Table 3 . On the morning following KTx, the AUCs for the diagnosis of DGF using only SCr or ΔSCr were 0.732 and 0.755. When adding each of the new markers to SCr, the performance of the combined markers improved substantially over that of the SCr individually, and the AUCs were 0.914 for CysC, 0.902 for MDA, 0.878 for uNGAL, and 0.792 for leptin. Combining SCr with the four new markers, the AUC was 0.95, and the best diagnostic performance was for SCr combined with serum CysC and MDA (AUC = 0.96).
After including SCr, CysC, and MDA in a logistic model for combining these markers, none of the pre-transplant variables traditionally associated with DGF, namely donor and recipient age, pre-transplant dialysis time, HLA mismatches, and cold ischemia time, were statistically significant, and they were removed from the final model by backward elimination (Table 4) . Recipient and donor age were included in the models separately, due to multicollinearity observed when both variables were included. For the same reason, given the multicollinearity when pre-transplant time on dialysis and cold ischemia time were entered into the model, time on dialysis was included, and donor status was used instead of cold ischemia time. Using this formula and calculating the predicted values, the optimal sensitivity and specificity occurred at a value of 0.278 (sensitivity: 100%; specificity: 86%; positive and negative predictive value: 88% and 100%, respectively; and positive and negative likelihood ratios of 7.35 and 0, respectively).
Discussion
We investigated the usefulness of combining SCr with four new biomarkers for predicting DGF after KTx. A triple-marker approach, using SCr, CysC, and MDA measured 8 to 12 h after KTx, was the most informative combination, resulting in an increased ability (AUC = 0.96) to distinguish patients with graft damage and those who would require dialysis within the first week. Allograft function following KTx is commonly monitored using SCr, even given the inaccuracy of this marker due to the impact of age, sex, and muscle mass on creatinine generation and its inability to detect functional impairment of less than 50% [18] . These limitations hamper SCr from being a precise index of renal allograft function and compromise its value as a sensitive and reliable tool in the clinical management of KTx recipients. Therefore, interest has arisen in alternative markers of renal function, and CysC is an emerging endogenous marker of glomerular filtration rate. Cystatin C is not affected by other physiological or pathological changes and is then freely filtered by the glomeruli without tubular reabsorption or secretion. Cystatin C meets all of the criteria of a reliable marker of glomerular filtration rate, and several studies have described the superiority of serum CysC over SCr for diagnosing filtration failure, both in native kidney disease patients [19, 20] and in KTx recipients [21] [22] [23] .
Although not a marker of glomerular filtration, NGAL, in both the urine and plasma, has been considered a promising biomarker of AKI and DGF in several settings [24, 25] . NGAL is normally expressed at low levels in multiple tissues, and it is excreted in the urine in small amounts. Nevertheless, after renal insult, both urine and plasma NGAL are increased, as occurs following ischemia-reperfusion injury in transplanted kidneys. Induction of NGAL after kidney injury precedes the elevation of classical markers of kidney damage. Given these data, levels of NGAL were shown to predict dialysis requirements within the first week, notably preceding the postoperative peak in SCr levels, which only occurred between the second and fourth days [8, 13, 26, 27] . Fig. 1 . Longitudinal changes in the four biomarkers during the first week after kidney transplantation according to graft function. Graphs show median levels of urinary neutrophil gelatinase-associated lipocalin (uNGAL), serum malondialdehyde, serum leptin, and serum cystatin C (CysC) at multiple time points and according to the occurrence or not of delayed graft function (DGF and non-DGF, respectively).
Table 2
Correlation between markers measured on the first day after kidney transplantation.
SCr (ln)
ΔSCr P b 0.05; ⁎ P b 0.01; ⁎⁎ P b 0.001. Logarithm-transformed values of SCr, uNGAL, and leptin were used for analysis. Abbreviations: SCr = serum creatinine; uNGAL = urinary neutrophil gelatinase-associated lipocalin; MDA = serum malondialdehyde; CysC = serum cystatin C; ln = logarithm. ΔSCr day1-day0 and ΔSCr day2-day1 = percentage changes in SCr between day-1 and day-0 and between day-2 and day-1.
Malondialdehyde was recently identified by our group as an early marker of graft dysfunction and a predictor of DGF [14] . Malondialdehyde is the most studied product of polyunsaturated fatty acid peroxidation and one of the best markers to detect oxidative stress [28] . Oxidative stress is one of the most important components of the ischemiareperfusion process [29] [30] [31] , which is an inevitable phenomenon in KTx. Accordingly, we showed that elevated MDA levels reflected dysfunction of the kidney and predicted the need for renal replacement therapy within the first week following KTx better than SCr [14] .
Along with MDA, leptin was another biomarker that was first hypothesized by our group to be an indicator of graft dysfunction. So far, no reported studies have examined the clinical utility of leptin in the diagnosis of graft dysfunction after KTx. To the best of our knowledge, we addressed this question for the first time, and we confirmed that leptin levels slightly outperformed the traditional biomarker SCr in assessing the prognosis of DGF [15] .
Our previous research concentrated on single biomarkers for DGF diagnosis. The present study focused on combining biomarkers to diagnose DGF more efficiently. Due to the complexity and overlapping pathophysiological mechanisms contributing to DGF and the distinct expression of biomarkers, it is unlikely that a single biomarker would be sufficient for accurate and reliable diagnosis of graft damage. Consequently, the incorporation of several markers into a diagnostic or prognostic panel will likely be required to profile acute graft injury and its effects [32, 33] . Malondialdehyde and CysC evaluate different aspects and/or areas of kidney injury: MDA appears to be a more specific marker of ischemic-reperfusion, whereas CysC is a more functional marker of the glomerular filtration rate rather than of injury. Given these findings, combining these two biological pathways through these markers seems to increase their predictive value beyond that of SCr in providing an early diagnosis of DGF.
Although uNGAL has shown promising results as a predictor of DGF, the performance of the combinations that comprise uNGAL was lower than the triple-marker approach with SCr, MDA, and CysC. A possible explanation for the inferior performance of uNGAL might have been the lack of samples in some recipients with transient anuria. In our study, 5 recipients were anuric the morning following graft reperfusion, resulting in 12.5% of our patients not having urine samples to measure uNGAL at that particular time point. These patients could not be included in any of the approaches that included uNGAL, which reduced the sample size and the performance of uNGAL combinations. We chose to measure NGAL in urine instead of blood because uNGAL more accurately represents tubule damage in the kidney than filtration from the blood and because of the non-invasive nature of sample collection and the reduced number of interfering proteins. However, despite the unquestionable value of urinary markers, their use in transplant recipients could also be a drawback because of possible transient graft anuria.
This paper explored the optimal marker combination for DGF diagnosis using logistic regression. Combining multiple biomarkers for clinical use remains a challenge. The additional diagnostic and prognostic information gained by any biomarker over an established marker must be determined using adequate statistical tools. We focused particularly on improving the sensitivity and specificity in order to increase the accuracy of the diagnosis of acute graft dysfunction and of dialysis requirement prognosis. A very large number of biomarkers fail to be used in clinical practice due to the weakness of their clinical performance, namely, low sensitivity and low specificity [34] . The current study identified a simple and clinically applicable tool for detecting graft dysfunction earlier than SCr alone. For practical purposes, the concentrations of SCr, MDA, and CysC can be easily measured in routine blood samples, and the results can be replaced in the fitted formula. The final score would allow for the identification of kidneys with significant ischemia-reperfusion injury, which could result in easier clinical decision-making and more effective recipient management, thereby improving outcomes.
We previously described the strengths and limitations of this observational study. Given our relatively small sample size, larger and multicenter studies should be conducted in the transplant setting to verify our findings. Despite limitations, the current results suggested that the combined use of SCr, MDA, and CysC could be an important tool for the early determination of allograft function and thereafter for identifying individuals at the greatest risk of developing DGF. A major problem in selecting a biomarker profile is the proportional increase in economic burden. Thus, a "parsimonious" biomarker combination must be used in a cost-effective manner, and this consideration was an additional reason for choosing a combination of two, and not more, new markers to be added to the traditional marker.
In summary, combining biomarkers from different pathophysiologic pathways seems to be rational and a reliable strategy for optimizing sensitivity and specificity and obtaining additive diagnostic and prognostic information. In this single-center study using a relatively small cohort of patients, we used multiple logistic regressions to combine several biomarkers, and a triple-marker approach, using SCr, MDA, and CysC, showed added value for the early detection of DGF.
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